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                                                                                                   Abstract                
 
Network activation during an attentional set shifting task 
Attentional set-shifting is a cognitive process which involves ignoring established 
stimulus-reinforcement contingencies and shifting attention to a previously irrelevant 
stimulus. This project aimed to individuate the activation of specific rat brain regions 
activated during the extradimensional set-shifting (EDS) through the utilization of the 
immediate-early gene c-fos, expressed in the central nervous system following 
neuronal activation. We analyzed several brain regions among which some of them 
have been already implicated in behavioral flexibility: prefrontal cortex (cingulate, 
prelimbic, infralimbic, lateral orbital and ventral orbital cortices); striatum (dorsal 
medial and dorsal lateral striatum, and nucleus accumbens core, shell and lateral 
shell); hippocampal formation (dorsal part CA1, CA3, DG and ventral part CA1, CA3, 
DG, dorsal and ventral subiculum); amygdala (basolateral and central nuclei); 
substantia nigra (pars compacta e pars reticulata); ventral tegmentum; 
neuromodulatori nuclei of the brain stem as locus coeruleus, dorsal raphé, the 
cholinergic latero-dorsal tegmental and dorso-tegmental nuclei. In particular, EDS 
involves switching attention between two different dimensions. Fifteen rats were 
trained in a visual discrimination task (VC) and five of them were further trained in a 
spatial alternation task (AL). During the AL rats were required to ignore the initially 
relevant dimension (visual cues) and follow an alternate egocentric performance. The 
rat was believed to has learned after a criterion of 12 consecutive correct responses. 
Rats were perfused during a 90 minutes time-window after learning since it allows to 
detect and count the number of c-fos stained nuclei, and thus quantify neuronal 
activation during the tasks. Brains were removed and cut into 40µm coronal sections 
and stained using a standard c-fos antibody protocol. Regions of interest were 
determined using cresyl violet sections and cells were counted semi-automatically with 
ImageJ Fiji program by two experimenters blind to treatment groups. 
We found significative differences between the VC and the AL group in 
correspondence of the cingulated, prelimbic and infralimbic cortices, the dorsal medial 
striatum and the nucleus accumbens core, the ventral subiculum and the central nuclei 
of the amygdala.                                          I                                                                                                  
  
1. Introduction                
 
1.1 Attentional set-shifting 
Studying an animal’s capacity to shift an attentional set allows the experimenter to 
measure the animal flexibility concerning specific cognitive functions. Attentional set 
shifting is a type of behavior flexibility consisting in ignoring established stimulus-
reinforcement contingencies and shifting attention to a previously irrelevant stimulus. 
Humans present a highly developed capacity of cognitive flexibility, being able to adapt 
to unexpected changes in the environment and also to respond faster to these changes 
when the features of a certain stimulus are known before it is presented. This capacity 
appears often impaired in several mental disorders including schizophrenia (Garner et 
al., 2006; Ceaser et al., 2008), Parkinson’s disease (Owen et al., 1993), autism (Hill, 
2004), obsessive-compulsive disorders (Head et al., 1989), and others; indeed, 
attentional set-shifting tasks have been used to identify specific cognitive dysfunctions 
related to these pathologies.  
Set-shifting is a complex process that entails shifts between strategies, rules or 
attentional sets, requiring that attention be paid to multiple aspects of complex 
environmental stimuli (Floresco et al., 2009). The most recurrent test used to study 
cognitive flexibility in humans is the Wisconsin Card Sorting Test (WCST). This test is 
used to analyze the frontal functions of the patient and evaluate his cognitive flexibility 
choosing strategies during problem solving. It is used also to assess abstract reasoning 
and perseveration. It consists of 128 response cards presented one-by-one to the 
patient: each card contains only one type of form (stars, crosses, triangles, circles) - in 
a variable number - painted with one color (red, yellow, blue, green). Four of these 128 
cards, termed stimulus cards, are used as a “guide” for each trial and displayed in front 
of the patient, who then receives a first set of response cards and is asked to place 
them under the stimulus cards. Each time the patient places a response card under a 
stimulus card, the experimenter will indicate to the patient if the selected strategy is 
correct or not. The correct strategy is decided before the beginning of the test by the 
experimenter and completely unknown for the patient. When the patient performs 10 
correct and consecutive responses concerning the first category, color, the 
experimenter proceeds with form and finally number category. It is possible to start a 
  
second cycle of categories until the 128 cards are finished. Analog of the WCST has 
been designed to study cognitive flexibility in monkeys, and an adaptation for rodents 
was developed by Birrell and Brown in 2000: it consisted in a complex task paradigm, 
based on the intradimensional shift (IDS) and extradimensional shift (EDS) tasks used 
with primate and human subjects (Dias et al., 1996b, 1997; Pantelis et al., 1999). In this 
perceptual set-shifting task, rats were trained to dig in small bowls, filled with a digging 
medium which could be scented, to retrieve food reward. The bowls could be varied 
by their odor, the texture of the outer surface and rim of the bowl, or the digging 
medium in which the food bait was hidden. One advantage of the IDS/EDS task is that 
it assesses different aspects of learning that may be required for behavioral flexibility 
(discrimination learning, reversals, intradimensional and extradimensional shifts). The 
task starts with the formation of a rule that defines an initial discrimination. Once the 
initial rule is established, both the reversal learning and the IDS, require the animal to 
attend to the same stimulus dimension used in the discrimination phase. For example, 
if odor is the relevant dimension during the initial rule, the rat is required to associate 
a specific odor with food reward; in the subsequent reversal phase the location of food 
is switched, so that the bowl that did not contain food previously is now baited. 
Reversals are a special case of IDS in which the exemplars remain the same: the 
previously correct exemplar is now incorrect, and the rat must respond to the 
previously incorrect exemplar.  
For both the IDS and EDS new exemplars of both the relevant and irrelevant 
dimensions are presented, but while during the IDS the perceptual dimension remains 
the same, EDS requires attention to be reoriented towards a new perceptual 
dimension (e.g., from odor to texture). This procedure ensures that impairments in 
performance during this stage of the task are likely attributable to disruptions in the 
ability to shift attentional set to different aspects of compound stimuli, rather than an 
impaired ability to stop approaching specific stimulus previously associated with 
reward (Floresco et al., 2009). 
Alternatively to Birrell and Brown paradigm, as mentioned above, a shift between 
visual-cue and egocentric spatial response-based discrimination strategies can be used 
to assess set-shifting abilities in rats. Floresco et al. designed several experiments 
assessing this strategy. The rat is trained in a maze and it is initially required to enter 
an arm rather than another depending on the presented visual-cue in order to receive 
  
reinforcement. During the EDS, the visual-cue is still presented but the animal is 
required to ignore it and follow an egocentric spatial approach (e.g., always turn right). 
Thus, the stimuli remain constant across different phases. This maze-based procedure 
permits a detailed analysis of the types of errors made by the rodents during the shift: 
perseverative errors refer to the rat’s persistence in using the previously relevant but 
now incorrect strategy and are used as an index of how readily animals are able to 
inhibit the use of the now incorrect strategy; regressive errors can be estimated when 
the animal begin using different strategies to solve the task on more than 25% of trials 
and serve as an index of the ability to maintain a novel strategy once perseveration has 
ceased; finally, rats make never-reinforced errors when they make a response that was 
incorrect during both initial discrimination training and during the shift and are used as 
an index of how quickly animals are able to overtake ineffective strategies (Floresco et 
al., 2009).  
 
1.11 Brain regions involved in behavioral flexibility 
- prefrontal cortex 
The prefrontal cortex (PFC) has been extensively implicated in cognitive functions as 
decision making, planification, memory, learning. Its important role also in modulating 
higher order cognitive functions concerning behavioral flexibility, as shifting attention 
between novel strategies, rules or attentional sets has been demonstrated; on the 
contrary, PFC does not seems to be involved in simpler forms of behavioral flexibility.  
Through the analysis of patients with specific brain lesions and psychological studies 
performed  on volunteers, it has been demonstrated that the frontal cortical areas are 
deeply involved in the various stages of EDS, and this is true also for monkeys and 
rodents. Nonetheless, it appears to be marked structural differences between 
primates and rodents. Particularly, the implication of lateral PFC is widely 
demonstrated in both humans and monkeys (Owen et al., 1993; Dias et al., 1996a,b; 
Demakis, 2003; Hampshire and Owen, 2006), while rodents EDS ability concerns 
medial prefrontal areas (Birrell and Brown, 2000).  
Both human dorsolateral (DL) and ventrolateral (VL) prefrontal areas appear 
implicated in successful set-shifting (Rogers et al., 2000; Hampshire and Owen, 2006, 
Weed et al., 2008), but controversial results have been found for these regions. 
Indeed, there exists results supporting a more relevant role for DLPFC (Rogers et al., 
  
2000) and it has been shown that patients with lesions in the DLPFC have great 
difficulty shifting set (Owen et al., 1993), as do patients with a variety of psychiatric 
disorders including autism (Turner, 1999), Parkinson’s disease (Owen et al., 1993), and 
schizophrenia (Rain et al., 1992; Garner et al., 2006). On the other hand, more recent 
studies demonstrated that it is VLPFC to have a central role in switching attention 
between stimulus dimensions instead of DLPFC (Shafritz and colleagues 2005; 
Hampshire and Owen, 2006). 
Concerning the anterior cingulate cortex (ACC), Shafritz and colleagues (2005) 
proposed that the alteration of ongoing behavior and shifting of cognitive set are 
mediated by two distinct neural systems interconnected by the ACC. The fMRI results 
of this study indicate that response shifts to target stimuli are mediated by a dorsal 
neural circuit comprised of the dorso-lateral prefrontal cortex (DLPFC), anterior 
cingulated (ACC), and intraparietal sulcus (IPS); while shifts in cognitive set are 
mediated by a frontal cortical-subcortical circuit, comprised of the ACC, ventrolateral 
prefrontal cortex (VLPFC), and striatum. In the dorsal circuit, the DLPFC may exert 
control over behavior by keeping “on-line” the current stimulus-response (S-R) pattern 
and inhibiting overbearing responses when a target stimulus is presented. Similarly, 
the ACC may serve to monitor for conflict at the level of behavioral response (van Veen 
et al., 2001) and signal the DLPFC when a conflict arises. In concert, the IPS may also 
act to detect targets and mobilize appropriate attentional resources when a target is 
detected. On the other hand, VLPFC may serve to inhibit the S-R mapping from the 
previous run, necessary for the successful implementation of the new cognitive set. 
The parallel inhibitory and excitatory role of the striatum (Alexander et al., 1986) in the 
initiation of appropriate behavioral responses allows for the simultaneous inhibition of 
now task-inappropriate responses and the execution of task-appropriate responses 
(Shafritz et al., 2005). The interconnection of these two pathways, through the conflict 
monitoring function of the ACC, may allow for coherence of function from target 
detection through appropriate response generation (Shafritz et al., 2005; Botvinick et 
al., 2004).  
Concerning experimentation in rodents, it has been shown that inactivation of the PFC 
leads to an increase in perseverative errors, indicating that this region plays a selective 
role in suppressing the use of a previously relevant, but now incorrect strategy 
(Ragozzino et al., 1999; Floresco et al., 2008). Less is known about the specific role of 
  
the two different regions which form the mPFC, the prelimbic (PL) and infralimbic (IL) 
cortices. Electrophysiological recording studies in rats showed that both PL and IL 
neuronal populations established new firing patterns during strategy switching; but 
while PL coding changes anticipated learning, IL established new stable codes only 
after performance was near proficient (Rich and Shapiro, 2009). However, more 
information  is necessary to enlarge our understanding about the specific role of these 
two mPFC subregions. In contrast to the mPFC, the orbitofrontal region of rodent 
prefrontal cortex (OFC) has been found to mediate simpler forms of behavioral 
flexibility (such as reversal leaning) without interfering with set shifting (Birrel and 
Brown, 2000; Schoenbaum et al., 2002; Chudasma et al., 2003; Bohn et al., 2003; 
Boulougouris et al., 2007; Ghods-Sharifi et al, 2008). Based on the results obtained 
from a medialOFC (mOFC) inactivation study, Stopper et al. (2012) suggested that the 
mOFC plays a selective role in decisions involving reward uncertainty, mitigating the 
impact that larger, probabilistic rewards exert on subsequent choice behavior. This 
function may promote the exploration of novel options when reward contingencies 
change. Considering that OFC can actively maintain a working memory of the recent 
reward history (Wallis, 2007; Frank & Claus, 2006), Pauli and colleagues (2012) 
proposed a model which provides a mechanistic account for how OFC supports 
behavioral flexibility when Pavlovian contingencies change. At the beginning of 
reversal, OFC can promote flexibility by biasing approach behavior associated with a 
recently experienced and now maintained unconditioned stimulus (US), even in the 
face of a conditioned stimulus (CS) that had previously predicted an aversive US. The 
results of their simulations suggest that OFC simultaneously maintains a working 
memory of the recent reward history, as well as the now-irrelevant reinforcement 
expectancies being driven by the lagging basolateral amygdala (BLA).  
 
- striatum 
Dorsal and ventral regions of striatum have been implicated in different forms of 
behavioral flexibility.  
The medial part of the dorsal striatum receives projection from both the prefrontal 
and the orbital region of the frontal cortex (Berendse et al., 1992), and its interaction 
with those different prefrontal-cortex areas seems to play an important role in 
facilitating behavioral flexibility. The inactivation of PL and IL regions cause an 
  
impairment of EDS capacity correlated with an increased number of perseverative 
errors (Ragozzino et al., 1999), as so, the inactivation of the dorsomedial striatum 
impairs the ability to shift between a visual cue and an egocentric response strategy, 
but in this case, the impairment is due to an increased number of regressive errors. 
Therefore, in this study (Ragozzino et al., 2002) rats appear capable to stop paying 
attention to the previously relevant dimension as quickly as control rats, but they tend 
to return to the previously correct strategy. On the contrary and as mentioned above, 
inactivation of OFC does not have  any effect on EDS, rather it causes the impairment 
of reversal learning task. Nonetheless, several studies showed that dorsomedial 
striatum inactivation has also a negative influence on reversal learning, leading to an 
increased number of regressive errors during reversal learning comparable to that 
observed during the EDS (Kirkby, 1969; Kolb 1977; Pisa, 1990). It has then been 
suggested that the dorsomedial striatum, which receives input from both the OFC and 
the PL-IL area, could have a role in supporting both reversal-learning and EDS: in 
contrast to PFC subregions, the dorsomedial striatum does not facilitate the initial shift 
away from a previous strategy, but it is critical for the maintenance of a new strategy 
once selected. Thus, the dorsomedial striatum and PFC subregions support distinct but 
complementary functions probably enabling behavioral flexibility (Ragozzino, 2007). 
A complementary role in enabling shifts of attention between different stimuli is 
attributed also to the core and shell of nucleus accumbens (NAc), which seem to play 
an important role both in eliminating inappropriate strategies and facilitating the 
maintenance of new strategies (Floresco et al., 2006).  
After NAc core inactivation with GABA agonists, rats presented difficulty in shifting 
from one discrimination strategy to another and showed an increased number of 
regressive and never-reinforced errors. Floresco et al. (2006) suggested that the core 
could be thus involved in facilitating the maintenance of novel behavioral responses 
that conflict with previously acquired strategies, and in mediating the suppression of 
inappropriate response options during learning of a new strategy. In this same study, 
the inactivation of the shell prior to the set-shift did not cause any impairment in rats’ 
ability to shift between strategies. Interestingly, shell inactivation prior to initial 
discrimination training, caused an apparent improvement in performance during the 
set-shift, suggesting that NAc shell is involved in ignoring non-reinforced stimuli. 
 
  
- thalamic nuclei 
The mediodorsal nucleus of the thalamus (MD) shares reciprocal connections with the 
PFC (Condé et al., 1995; Groenewegen, 1988) and send afferents to the NAc (Berendse 
and Groenewegen, 1990). These anatomical connections suggest that this thalamic 
nucleus could be implicated in different types of behavior flexibility. In a study of MD 
inactivation via infusions of bupivacaine, Block et al. (2007), demonstrated that parallel 
pathways originating from the MD and terminating in both the PFC and NAc make 
distinct contributions to behavior when an organism must change its behavior in 
response to dynamic environmental demands. The deficit registered during the 
strategy set-shift on a visual cue discrimination, after asymmetrical bupivacaine 
infusions into the MD and PFC, was due to a selective increase in perseverative errors, 
indicating that this thalamocortical pathway is necessary for successful disengagement 
from a previously relevant strategy. Indeed, although the inactivation of either the PCF 
(Ragozzino et al., 1999) or the MD (Corbit et al., 2003; Block et al., 2007) cause a 
similar perseverative deficit during the set shift, each of these regions may mediate 
different cognitive operations. The prelimbic region of the PFC has been shown to have 
a role in maintaining an established outcome-action association in working memory for 
the purpose of guiding future behavior (Corbit and Balleine, 2003). Functional imaging 
studies in humans performing the WCST revealed that activation of the dorsolateral 
PFC occurred during both positive and negative feedback, indicating that the PFC is 
critically involved in comparing online feedback with past events (Monchi et al., 2001). 
The same study highlighted the specific activation of MD when participants received 
negative feedback after an incorrect choice but not positive feedback. Furthermore, 
lesions of the MD produce a profound deficit in the ability of rats to utilize specific 
outcome-action associations and appear to render rats relatively insensible to the 
causal consequences of their instrumental actions, suggesting that in instrumental 
conditioning, MD contributes to encoding and/or utilizing the outcome-action 
association (Corbit et al., 2003). Block and colleagues (2007) proposed that the MD 
neurons are characterized by a discriminative activity that could be altered as a result 
of changes in reinforcement contingencies and this will subsequently modulate PFC 
neural activity to facilitate changes in response strategies. Disconnection of the MD 
and PFC would deprive the PFC of information related to the absence of reward 
(mediated initially by the MD) after an incorrect response during the set-shift. Thus, a 
  
functional projection from the MD to the PFC is important for disengaging previous 
strategy and signaling the need to shift (Block et al., 2007). On the other hand, MD 
projection to the NAc seems to have an important role in eliminating ineffective 
response options based on reward feedback. A selective increase of never-reinforced 
type errors was observed following the disconnections between these two regions 
(Block et al., 2007). Moreover in the same study, the disconnection between PFC and 
NAc produced an impairment in the ability to shift from one discrimination strategy to 
another, suggesting that these interactions play an important role in the maintenance 
of behavioral strategies in response to changes in reward contingencies. 
  
- hippocampus/amygdala 
There is a unidirectional, ipsilateral and monosynaptic projection from the 
hippocampus to the PFC that principally originates from the ventral HPC (including the 
ventral CA1 region and the ventral subiculum), and forms a pathway termed 
hippocampal-prefrontal cortical circuit (HPC-PFC circuit). 
Wang and Cai (2006) suggested that the HPC-PFC circuit is one of the key circuits for 
spatial working memory. Thus, if any structure in this circuit is damaged or inhibited 
bilaterally, spatial working memory will be disrupted. Furthermore, these data 
supported the idea that short-term storage of information and executive function are 
components of working memory, but suggest  that the HPC-PFC circuit plays a more 
important role in short-term storage of information. Working memory is a key 
component of behavior flexibility and it is highly plausible that it has an important role 
in attentional set-shifting. Excitatory projections originating from the CA1/subiculum 
regions of the hippocampus innervate several cortical and limbic regions, including PFC 
and NAc (Sesack and Pickel, 1990; Jay and Witter 1991; Aylward and Totterdel, 1993; 
Thierry et al., 2000). The prelimbic (PL) and the medial orbital (MO) regions of the PFC 
along with the hippocampal CA1/subiculum, from which they receive excitatory inputs, 
both send projections to the NAc. Lesions of the neonatal ventral hippocampus (nVH) 
have been shown to induce long-term changes in dendritic architecture in PFC and NAc 
neurons, thus altering cortical and limbic neuronal development and function in adult 
animals (Flores et al., 2005). Altered dendritic spine density in the mPFC of juvenile 
nVH lesioned rats was found also by Marquis et al. in a study of 2008. Those results 
revealed impaired extradimensional shift and inconsistent reversal discrimination 
  
outcomes in VH-lesioned rats performing the attentional set-shifting task, and an 
increased perseveration in VH-lesioned rats performing the spatial shift task. 
Nevertheless, in neither of the two tasks was the initial learning compromised, 
suggesting that impairments did not result from general discrimination deficits or 
altered motivation. Based on these  results, the authors suggested that neonatal VH 
lesions alter the capacity to disengage established responses and stimulus selection 
strategies to accommodate new routes and sensory dimensions. The same 
impairments in an EDS task and initial reversal learning were found by Brooks et al. 
(2012) in rats with nVH inactivation. 
The basolateral nucleus of the amygdala has been implicated in reversal learning. As 
mentioned above, there is strong evidence which also involves the orbitofrontal cortex 
in this type of behavioral flexibility.  Stalnaker and colleagues (2007) have shown that 
ABL lesions, which have no effect on reversal performance by themselves, correct the 
reversal impairment caused by bilateral OFC lesions in rats. 
Izquierdo and colleagues (2013) have found that these two regions have different and 
opposite functions: while lesions in the OFC impair reversal learning, lesions of the BLA 
enhance rats performance in this task, increasing the sensitivity of unrewarded trials 
(negative feedback) in rats. 
 
1.2 Neuromodulation and the noradrenergic system 
Emotional states, attention, memory, learning and behavioral flexibility are cognitive 
processes deeply influenced by neuromodulation. Neuromodulators are produced in 
neurons located in the basal forebrain, midbrain and the brainstem, and are released 
from its nervous terminals in different regions of the neocortex. They act as chemical 
mediators modulating the response of neuronal membranes in numerous cells.  
Cholinergic neurons situated in the basal forebrain release acetylcholine, an important 
neuromodulator controlling cortical and hippocampal activity linked to processes as 
attention, learning and memory (Poorthuis et al., 2014). 
In the midbrain ventral tegmental area and substantia nigra we can find dopaminergic 
neurons sending projections mainly to the striatum and the frontal cortex (Gasbarri et 
al., 1994). The dopaminergic system has been linked to the transmission of information 
related predominantly to reward and thus it has been largely studied principally 
concerning drug addiction (Schultz, 1998, 2007, 2010). This neuromodulatori system 
  
appears damaged in relevant pathologies as Parkinson’s disease and schizophrenia. A 
condition of hypodopaminergia in the prefrontal cortex correlates with impairments of 
attentional set-shifiting abilities in schizophrenic patients (Weinberger et al., 2001; 
Jazbec et al., 2007).  
The major serotoninergic system in the brain are those originating from the raphe 
nuclei located along the brain stem. This modulatory system produces nervous signals 
with an inhibitory action contrasting the enhancing effects mediated by dopamine. In 
the brain stem we find also noradrenergic neurons, in correspondence of the locus 
coeruleus (LC). Most theories focused on a prominent role of LC neurons in vigilance 
and sleep-wake cycle (Roussel et al., 1967; Hobson et al., 1975), but it probably has a 
role in other important cognitive functions.  
Among the tasks assessing behavioral flexibility, reversal learning and intradimensional 
set-shifting (IDS) tasks are modulated by serotoninergic and dopaminergic systems, 
respectively (Hecht et al., 2014). On the other hand, extradimensional set-shifting 
(EDS) capacity results modulated by the noradrenergic system (NA), indeed it 
facilitates the function of cortical circuits, enhancing the activation of behavioral 
responses. An important target region for NA projections is the mPFC, involved in 
several cognitive functions as arousal, motivation, attention, working memory and of 
course, behavioral flexibility. As already mentioned (see *1.1), PFC has been involved 
in modulating the ability to shift attention between perceptual features of complex 
stimuli in primates, and specifically the mPFC has been implicated in attentional set-
shifting in rodents. The ability to shift between two different dimension (EDS) is 
modulated by the NA: the performance appears improved by the action of 
noradrenaline at the α-adrenergic receptors in the mPFC, while blocking β-adrenergic 
receptors has no effect on set-shifting tasks (Hecht et al., 2014). In 2006, Lapiz and 
Morilak showed that increasing firing rate of LC, through the administration of 
atipamezole (an α2-autoreceptor antagonist), improved attentional set-shifting 
performance. These results are in line with a previous work implemented in primates 
(Aston – Jones, 1999, 2000): here the systemic treatment with atipamazole increased 
the tonic LC firing.. The phasic activation of the LC represents a state of “selective 
attention”, associated with the specific response to salient stimuli related to reward 
but not to distractor stimuli. On the contrary, tonic activation of LC is associated with  
a condition of “scanning attention” characterized by an increase of the vigilance state 
  
through which the animal focus on environmental cues (rather than focus on 
contingencies previously learned) and this allows the animal to redirect its attention 
on potentially salient characteristics of new cues (Aston – Jones, 1999b, 2000; Lapiz 
and Morilak, 2006). In rats treated with atipamezole, bolocking the α1 receptor (using 
benoxathian), reversed the improvement previously obtained. These results suggest 
that it is the action of NE on the α1 receptors that facilitate cognitive performance 
(Lapiz and Morilak, 2006; Sara, 2009).  
 
 Fig. 1: Noradrenergic system (Taken from Homepage.psy.utexas.edu).  
 
In a review of 2009, Sara summarizes several studies showing that noradrenaline 
appears to have complex excitatory and inhibitory effects in target regions, and which 
“…led to suggest that the LC noradrenaline system facilitates attentional and cognitive 
shifts and behavioral adaptation to changes in environmental imperatives”.  
 
1.3 Immediate-early gene c-fos 
Immunohistochemistry for products of the c-fos gene, an intracellular marker of 
cellular activation, allows direct detection of which cells are active during a particular 
function. 
Accumulating evidence from mapping studies indicates a strong correlation between 
IEG expression and neuronal activity in the brain. Immediate-Early Genes are a class of 
genes that are rapidly up-regulated following neural stimulation (Farivar et al., 2004). 
Functional gene targeting and knockdown studies have shown that IEG expression 
  
plays a crucial role in stabilizing recent changes in synaptic efficacy, and is important 
for the molecular processes underlying memory consolidation (Guzowski, 2002). IEG 
expression is both induced by the neural activity associated with learning and involved 
in stabilizing the neural circuits that store experiences as long-term memories. 
Consequently, IEGs has been widely used as neuronal activity markers in studies 
examining the neural circuits underlying a wide range of brain functions (Farivar et al., 
2004; Guzowski et al., 2005). Lastly, because IEGs are highly conserved across 
evolutionary time scales, IEG mapping methods can be applied to studying neural 
circuits in virtually any invertebrate or vertebrate animal species, including the  study 
of cognition in non-human primates (Guzowski et al., 2005). 
Considering specifically c-fos gene, many different types of stimuli have been shown to 
elicit its expression in the nervous system (Morgan and Curran, 1989). This has led to 
the notion that neuronal activity and the presence of Fos may be correlated (Morgan 
et al., 1987; Hunt et al., 1987; Sagar et al., 1988; Greenberg and Ziff, 1984). Already in 
the late 1980s it was determined that c-Fos protein is rapidly induced in specific brain 
nuclei after pharmacological convulsive stimulation and physiological contexts 
(Morgan et al., 1987; Saffen et al., 1988; Sagar et al., 1988). Genetically encoded 
markers such as fluorescent protein (GFP) and beta-galactosidase (LacZ) under the 
control of the c-fos promoter were used to effectively visualize neuronal populations 
activated under both physiological and pathological conditions (Barth et al., 2004; Dai 
et al., 2009; Robertson et al., 1995; Smeyne et al., 1992).  
In addition to being strictly correlated with neuronal activity, there are other two 
characteristics that render c-fos an excellent mapping tool: i) the low level of c-fos 
transcription under basal conditions and ii) its inducibility upon wide range of trans-
synaptic/transcriptional stimulation (Kovàcs, 1998). Under basal conditions, the 
detectable c-fos mRNA and protein levels are very low (Hughes et al., 1992; Herdegen 
et al., 1995; Dragunow and Robertson, 1988). In several brain regions in vivo, c-fos 
mRNA is induced within couple of minutes after acute challenge and peaks between 30 
and 60 min (Kovàcs, 1998; Morgan et al., 1987; Morgan et al., 1987; Sharp et al., 1991; 
Hoffman et al., 1993). The maximal level of c-Fos protein occurs between 1 and 3h, 
then it gradually disappears from the cell nucleus by 4-6 h after treatment 
(Sonnenberg et al., 1989; Chan et al., 1993; Imaki et al., 1995; Ding et al., 1994; Ikeda 
et al., 1994; Cullinan et al., 1995; Kovàcs and Sawchenko, 1996). 
  
In contrast, Arvanitogiannis et al. (2000) note that fos-like immunoreactivity is not 
always observed in all components of an active neural system; this technique probably 
detects only a subset of relevant structures. Furthermore, studying the central 
extended amygdala network, Waraczynski (2006) found that the c-Fos technique does 
not necessarily identify all activated neurons. 
Thus, although c-Fos technique has been extensively applied in many experiments and 
there is a consistent quantity of work validating this method, it seems to be not fully 
accurate in every brain region.  
 
1.4 Propose of the project 
The aim of this project is to identify specific brain regions involved in attentional set-
shifting through the utilization of c-fos protein as a marker of neuronal activity during 
performance of the task. It represents a preliminary work before starting 
electrophysiological recording, to focus on the precise regions of interest and the 
temporal aspects of their engagement in the task. 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                         2. Materials and methods               
 
2.1 Subjects 
Fifteen male Long Evans rats (CERJ, Le-Genest-St-Isle) weighing 240-250g were 
delivered to our laboratory. They were individually housed in plastic cages on a 12h 
light-dark cycle and given free-access to food and water initially. At the beginning of 
the experiment they were put on a restricted diet of 14-16 g of food pellets per day. 
Rats were handled daily and allowed to acclimatize for 2-3 days before any 
experimental procedure. All procedures were in accord with institutional (CNRS Comité 
Opérationnel pour l’Ethique dans les Sciences de la Vie), international (Directive 
86/609/EEC; ESF-EMRC position paper 2010/63/EU; NIH guidelines) standars and legal 
regulations (Certificate no. 7186, Ministère de l’Agriculture et de la Pêche) regarding 
the use and care of laboratory animals.  
 
2.2 Apparatus 
The attentional set-shifting task was administered in a modified T-maze (Fig. 2) fitted 
with return arms and painted black. The T arms were 1 m long and 8 cm wide, with 2 
cm high borders. The bottom return/start zone measured 35 x 38 cm. The maze was 
elevated 70 cm above the floor and surrounded by a black cylindrical curtain 3 m in 
diameter running from floor to ceiling. 
 
 
  Fig. 2: Schematic representation of the t-maze and trials required for the attentional  
  set-shifting task. 
  
Visual cues were displayed on video monitors (80 cm diagonal) situated behind each of 
the two reward sites and positioned orthogonally to the line of view of the rat and at a 
distance of 100 cm from the maze surface. The cue patterns were vertically and 
horizontally oriented straight grating with 15 cm wavelength (five stripes total).  
The brightest parts of the strips were illuminated at about 8.5 cd/m2, whereas the 
dark zones were only 0.7 cd/m2 and the walls of the room were 0.5 cd/m2. Thus, the 
cues were highly salient and likely to have been detected instantly upon presentation. 
Rewards consisting in 1 ml drops of 120µl saccharin water were dispensed from small 
wells controlled by solenoid valves through the CED Power1401 system (Cambridge, 
UK). Following correct choices, a photodetector triggered opening of the valve leading 
to the reward well on this arm. Manual pulley controlled gates at the entry of each 
arm prevented rats from turning back after having selected an arm.  
 
2.3 Behavioral procedures 
From the time of arrival rats received the same treatment before starting the training 
(Fig 3).  
 
 
  Fig. 3: Timeline illustrating the phases of the experiment.  
 
2.31 Habituation and pretraining 
During the first week, rats had free-access to water. Reward consisted of small 
chocolate crumbs distributed along the maze in order to motivate the rats to explore 
and become familiar with the new environment, first randomly and then in relation to 
the reward well. To enforce movements in the correct sense on the maze, transparent 
plexiglass barriers were placed on the return arms after the rat entered the 
return/start zone and another barrier was placed at the beginning of the central arm 
after entry. A pulley-driven barrier was lowered after the rat entered one of the 
reward arms to prevent it from backtracking.  
  
During the pretraining a liquid reward was given to the rats and the water was 
restricted to a 3-5 min periods 2 times per day to maintain body weight at 85% of 
normal weight according to age.  Rats were rehydrated two days during the weekends 
with controlled quantities of water (100ml) since it was crucial to keep them motivated 
enough to proceed with the training after the weekend. During these two phases 
classic music was played in the experimental room. 
 
2.32 Training 
The experiment consisted of 5 replications of three rats each and the 15 rats were 
assigned to 3 different experimental groups during the training: 
1) Control rats (C)  visual discrimination task. 
2) Visual cue rats (VC)  visual discrimination task. 
3) Alternation rats (AL)  visual discrimination task + alternation task. 
Initially the three rats of one replication started the visual discrimination task training, 
without assignment to a treatment group. The first rat which learned this task was 
classified as the AL group, the second rat as the VC group and the last rat, that had not 
yet learned, was classified as the yoked control for the visual discrimination learning.   
Following a learning criterion of 12 consecutive correct choices the VC rat and its 
yoked were perfused simultaneously, 90 minutes after the VC rat has learned. In the 
meantime, the AL rat began the extradimensional set-shifting (EDS) training and was 
perfused also 90 minutes after task acquisition. 
The training phase was carried out in a dark experimental room and the visual cues on 
the screens were displayed semi-randomly in both the VC and the AL tasks droved by a 
custom built computer interface in tandem with the CED Spike2 interface (Cambridge, 
UK).  
- Visual discrimination task: horizontally and vertically oriented stripes were displayed 
respectively on the two screens as soon as the rat crossed the central arm 
photodetector, and it was required to associate the target stimulus (vertically oriented 
stripes) with the reward. 
- Alternation egocentric task (EDS): horizontally and vertically oriented stripes were 
still displayed on the screens but the rat should learn to ignore them and follow a 
spatial alternation performance, turning each time in the opposite direction of the 
previous one in order to receive the reward (Fig 2). 
  
2.4 c-fos marker 
Since the immediate-early gene (IEGs) c-fos is expressed with a delay following 
neuronal activation, the rat is sacrificed 90 min after task learning. This specific time 
window allows us to observe the moment of c-fos protein major expression. 
 
2.5 Immunohistochemistry 
Brain preparation 
Following training, rats were first tranquillized with an intramuscular injection of 
xylazine (Rompun, 0.1 ml), then deeply anesthetized with an intraperitoneal injection 
of sodium pentobarbital (60mg/kg) and soon after perfused intracardially with isotonic 
saline (100 mL per rat) and a 4% paraformaldehyde solution (500 mL per rat). 
After the extraction, brains were cryoprotected in phosphate buffer (PB, 0.1 M pH 7.4) 
containing 30% sucrose for 48 h, and then cut coronally with a freezing microtome into 
40µm coronal sections that were collected in 0.1 M phosphate buffer saline (PBS; pH 
7.4).  
 
c-Fos protocol 
Free-floating sections were incubated for 5 min in PB containing 0.3% H2O2 to 
eliminate endogenous peroxidase and then rinsed three times for 15 min in PB. The 
sections were incubated overnight in a solution containing 25 µL primary antibody (c-
Fos 1 : 1000, sc-52) and 25 µL of the blocking solution (PB, 0.2% Triton X-100, BSA 
bovine serum albumine 0.1%)  at 4°C. After four rinses in PB, the sections were 
incubated at room temperature for 2 hr with the secondary biotinylated antibody 
(1/200, goat anti-rabbit). After being washed four times in PB, the sections were 
incubated for 2 hr in avidin-biotin-peroxidase complex (ABC) solution. Then the 
sections were incubated in a solution of PB containing 3,3’-diaminobenzidine (DAB; 
0.05%) for 10 min, and developed by H2O2 addition (0.01%). After processing, the 
tissue sections were mounted onto gelatin-coated slides and dehydrated through 
alcohol to xylene for light microscopic examination. 
 
2.6 Data evaluation 
The regions of interest for this project include a wide part of the Prefrontal cortex 
(PFC) including the Cingulate (Cg1), Prelimbic (PrL), Infralimbic (IL), Lateral and Ventral 
  
Orbital (LO, VO) cortex analyzed at different brain levels (Bregma 4.20mm, 3.72mm, 
3.24mm, 3.00mm, 2.52mm); the dorsal part of the striatum and Nucleus Accumbens 
(Bregma 2.52mm, 2.28mm, 2.04mm, 1.80mm, 1.56mm, 1.32mm, 1.20mm, 1.08mm); 
both dorsal and ventral parts of the hippocampal formation CA1, CA3, DG and 
Subiculum (Bregma -2.52mm for the dorsal part, -5.64mm for the ventral part); the 
Basolateral (BLA) and Central nuclei (CN) of the Amygdala (Bregma -2.52mm); several 
neuromodulatori nuclei of the brain stem as Locus Coeruleus (LC) (Bregma -9.72), 
Dorsal Raphé, dorsal and ventral part (DRD, DRV) (Bregma -8.04mm, -8.28mm), the 
cholinergic Latero-Dorsal Tegmental nucleus (LDT) (Bregma -8.28mm, -8.52mm, -
8.76mm, -9.00mm) and Dorso-Tegmental nucleus (DTg) (Bregma -8.52mm, -8.76mm, -
9.00mm), the Substantia Nigra (Pars Compacta e Pars Reticulata) (Bregma -5.64mm) 
and Ventral Tegmentum (VTA) (Bregma -6.72), Table 1. 
 
Table 1 
REGION 
 
BREGMA (mm) 
 
 
REGION BREGMA (mm) 
PFC 
4.20 
3.72 
3.24 
3.00 
2.52 
DORSAL RAPHE 
-8.04 
-8.28 
 
STRIATUM 
2.52 
2.28 
2.04 
1.80 
1.56 
1.32 
1.20 
1.08 
 
DORSAL TEGMENTAL 
NUCLEUS 
-8.52 
-8.76 
-9.00 
HIPPOCAMPUS 
 
-2.52 dorsal part 
-5.64 ventral part 
 
LATERO-DORSAL 
TEGMENGTAL NUCLEUS 
-8.28 
-8.52 
-8.76 
-9.00 
 
AMYGDALA 
 
-2.52 SUBSTANTIA NIGRA -5.64 
LOCUS 
COERULEUS 
-9.72 
VENTRAL TEGMENTAL 
AREA 
-6.72 
 
Adjacent sections to those stained with c-fos were colored with cresyl violet to 
carefully delineate regions of interest (Fig 4).  
    
 
  
 
 
   Fig. 4: a) Identification of the region of interest in the cresyl-violet section;  
   b) selection of     the section in the correspondent c-Fos section. 
 
Marked cells were counted semi-automatically with ImageJ Fiji program. In order to 
reduce the variability due to the ground noise between replications, we applied an 
auto local threshold instead of using a normal thresholding process in which the 
threshold value is adapted on each pixel to the local image characteristics. Black round 
points representing stained neuronal nuclei were subject to size (maximum and 
minimum filters) and shape (circularity) criteria as well, in order to avoid the count of 
false-positives, (Fig 5).  
 
Fig. 5: Example of ImageJ counting. A two-step process define the number of stained nuclei  
that will be count, excluding false positives. In the first step, the selection undergoes an auto 
local threshold and filter processing which selects stained nuclei depending on the intensity 
of the staining and on a preliminary size discrimination (red circles illustrate an example of 
  
nuclei which are excluded in this first step). Subsequently, the obtained image undergoes a 
second size discrimination and a shape (circularity) discrimination as well.  
 
In order to validate the computerized  counted, samples of some regions were hand 
counted by two experimenters blind to treatment groups.  
Cell counts were normalized for 1mm2 for the prefrontal cortex and the striatum and 
for 0.1mm2 for the hippocampal formation.  
The effect of visual discrimination learning on regional c-fos activation was evaluated 
by comparing the VC rats, trained to criterion, to their yoked control, that did not learn 
the task. The effect of EDS training was determined by comparing regional c-fos 
activation in rats undergoing visual training only to those undergoing EDS. Considering 
that rats belonging to one replication were trained during the same period and their 
brains were immunohistochemically treated simultaneously, a paired Student t test 
was used for statistical evaluation (one-tailed test) and the significance was fixed at p < 
0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                                                                 3. Results                
 
3.1 Behavioral results 
During the behavioral training, the rats required from 8 to 25 sessions to learn the 
visual cue task (VC) (Replication 1 - AL Rat 22, VC Rat 16; Replication 2 - VC Rat 25, AL 
Rat 9; Replication 3 - AL Rat 16, VC Rat 21; Replication 4 - VC Rat 11, AL Rat 11; 
Replication 5 - VC Rat 15, AL Rat 8). No significative differences were observed 
between the VC and the AL group in learning the VC task, (Table 2). Learning of the 
alternation set shifting task (AL) was much faster than the VC learning indeed it took 
the rats 5 or 6 sessions to learn the AL (Replication 1 - AL Rat 5, Replication 2 - AL Rat 
5, Replication 3 - AL Rat 6; Replication 4 - AL Rat 5; Replication 5 - AL Rat 5), Table 2. 
 
 GROUPS   
  N° of sessions N° of trials 
      VC                 AL      VC               AL 
REPLICATION  1 VC Rat     16                          433               
 AL Rat     22                    5     646               285 
    
REPLICATION  2 VC Rat     25   1128 
 AL Rat      9                     6     687               263 
    
REPLICATION  3 VC Rat     21                          855               
 AL Rat     16                   5    1000              343 
    
REPLICATION  4 VC Rat     11     553 
 AL Rat     11                    5     425                322 
    
REPLICATION  5 VC Rat     15     735 
 AL Rat      8                     5     353                292 
Table 2: number of session and trials required to both VC and AL groups to learn the tasks. 
 
Considering the trials to criterion for the AL rats, we observed a decrease of the 
number of trials needed to the rat to learn the AL rather than the VC task (Fig. 6). 
Furthermore we compared the number of trials required to the AL rats to learn the AL 
task and the number of trials they needed to ignore the visual cues. The total number 
of trials were grouped in clusters of 100 trials and we observed an average of 72.7% 
(SD= 0.089) for the extinction of the VC task and 70.3% (SD= 0.12) for the acquisition of 
the AL task, (Fig. 7).  
  
 
 
  Fig. 6: Trials to criterion. Average number of trials needed for the rats to learn the VC 
  (orange column) and the AL (violet column) task. 
 
 
 
  Fig. 7: Extinction visual cue (VC) - acquisition alternation (AL).  The blue and the green line 
  displayed in the graphic indicate respectively learning of the spatial alternation and 
  extinction of the visual discrimination task, of the EDS rats. 
 
3.2 c-fos results 
 
The regions of interest for this project included a wide part of the prefrontal cortex 
(PFC) as the cingulate (Cg1), prelimbic (PrL), infralimbic (IL), lateral orbital and ventral 
orbital (LO, VO) cortexes; dorsal part of the striatum and nucleus accumbens; both 
dorsal and ventral parts of the hippocampal formation CA1, CA3, DG and subiculum; 
the basolateral (BLA) and central nuclei (CN) of the amygdala; several neuromodulatori 
nuclei of the brain stem as locus coeruleus (LC), dorsal Raphé, dorsal and ventral part 
  
(DRD, DRV), the cholinergic latero-dorsal tegmental nucleus (LDT) and dorso-tegmental 
nucleus (DTg), substantia nigra (pars compacta e pars reticulata) and ventral 
tegmentum (VTA). 
 
3.21 Yoked control/VC discrimination task results 
No significative difference in the levels of c-fos expression were observed between the 
VC group and its yoked, in any region of interest. 
                        
3.22 Visual discrimination task/Alternation task results 
- Prefrontal cortex  
In the prefrontal cortex, c-fos expression was greater in the cingulate cortex (Cg1) of 
the AL compared to the VC rats (t= -2.586 (4); p=0.030). Such results were found also 
in the prelimbic (PrL) (t= -2.396 (4); p=0.046) and infralimbic cortex (IL) (t= -2.477 (4); 
p=0.034). On the contrary, in both the lateral and ventral orbital cortex (LO, VO) no 
significative differences were found between the two groups of rats (Fig. 8).  
 
 
 
Fig. 8: Analysis of the relative density in different regions of the prefrontal cortex. The 
relative density (c-fos positive nuclei per mm2) of cingulate (Cg1), prelimbic (PL), infralimbic 
(IL), ventral orbital (VO) and lateral orbital (LO) cortexes and claustrum (Cl) of the visual 
discrimination task group and the spatial alternation task group of five replications (n=5). 
Significative differences between the two groups were found in Cg1, PL and IL. 
 
  
 
 
Fig. 9: Representative selections of c-fos expression in the prefrontal cortex (PFC). Higher   
levels of c-fos expression were found in the PFC of the extra-dimensional task rats compared 
to the visual cue rats. a) section Bregma 3.72mm, b) cingulate cortex, c) prelimbic cortex, d) 
infralimbic cortex.  
 
  
 
 
Fig. 10: Example of regions with no significative differences between the two groups. a) 
ventral orbital cortex, b) lateral orbital cortex, c) claustrum. 
 
- Striatum 
Significative differences were found in the dorsal striatum in correspondence of the 
medial region (DM) between AL rats and VC rats (t= -2.667 (4); p=0.028) but not in the 
lateral region (DL). The ventral part of the striatum presented a marked difference in c-
fos expression between the two groups of rats in correspondence of the core region 
(NAcC) of the nucleus accumbens (t= -2.195 (4); p=0.046), but no significative 
differences were observed for both the shell (NAcS), (Fig. 11). 
 
 
 
Fig. 11: Analysis of the relative density of the dorsal and ventral part of the striatum. The 
relative density (c-fos positive nuclei per mm2) of dorsal (D), dorsal lateral (DL), dorsal medial 
(DM) part of the striatum and of nucleus accumbens core (NAcC), shell (NAcS) and lateral 
shell (NAcLS) of the visual discrimination task group and the spatial alternation task group 
(five replications n=5). Siginicative differences between the two groups were found in DM 
and NAcC.  
  
 
 
Fig. 12: Representative selections of c-fos expression in the striatum. As in the PFC, also the 
striatum of the AL rats presents higher levels of c-fos expression. a) section Bregma 1.80mm, 
a) nucleus accumbens core, b) dorsomedial striatum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
- Amygdala and hipocampal formation 
Significative differences were found in the central nucleus of the amygdala (CN) t= -
0.1054 (4); p=0.047 but not the basolateral nucleus (BLA). 
In the hippocampal formation, significant increases appeared only in the ventral 
subiculum (VS) t= -0.818 (4); p=0.013, while no differences were observed either for 
the other ventral regions CA1, CA3, dentate gyrus (DG) nor for the dorsal part CA1, 
CA3, DG, dorsal subiculum (DS), (Fig.13).  
 
 
Fig. 13: Analysis of the relative density of the hippocampal formation and part of the 
amygdala. The relative density (c-fos positive nuclei per mm2) of the dorsal (HPCd) and 
ventral (HPCv) part of the hippocampus CA1, CA3, DG; the dorsal (DS) and ventral (VS) 
subiculum and the central (CN) and basolateral (BLA) nuclei of the amygdale of the visual 
discrimination task group and the spatial alternation task group (five replications n=5). 
Siginicative differences between the two groups were found in CN and VS. 
 
 
 
 
  
 
Fig. 14: Representative selections of c-fos expression in the amygdala and the hippocampus. 
a) section Bregma -5.64mm, b) central nucleus of the amygdala, c) ventral subiculum. 
 
 
 
 
 
 
 
 
 
 
 
  
- Brain stem 
Low levels of c-fos expression where found in the catecholaminergic nuclei locus 
coeruleus, substantia nigra and ventral tegmentum. No significative differences 
between VC rats and AL rats were found neither in the serotoninergic nuclei of Raphé 
nor in the cholinergic lateral dorsal tegmental nucleus, (Fig.15).  
 
 
Fig. 14: Analysis of the relative density of the brain stem. The relative density (c-fos positive 
nuclei per mm2) of the visual discrimination task group and the spatial alternation task group 
(five replications n=5). Any significative differences between the two groups were found. 
 
Fig 15: Representative selections of c-fos expression in the dorsal Raphé. a) section Bregma -
8.52mm, b) dorsal Raphé. There is no significative difference between the two groups. c) 
locus coeruleus, few c-fos expression. 
  
                                                                                          4. Discussion                
 
We used the extradimensional set-shifting task (EDS) to measure a specific type of 
behavioral flexibility, that is the ability of the rat to shift its attention between two 
different dimension, visual and spatial, in order to receive the reinforcement. 
Increased  levels of c-fos immunoreactivity were found in neurons of mPFC (prefrontal 
cingulated (Cg1), prelimbic (PL) and infralimbic (IL) areas), dorsomedial striatum (DMS) 
and the core of nucleus accumbens (NAcC), ventral subiculum (VS) and amygdala’s 
central nucleus (CeN) in rats performing an EDS (from visual to spatial alternation) 
compared to rats performing only the visual task. 
Each one of these regions has been implicated in attentional set-shifting in several 
studies. Rat’s mPFC has been implicated in shifting attention between novel strategies, 
with PL neuronal activity anticipating learning while IL occurring right after learning. PL 
could have a role in promoting new strategies (or inhibiting old strategies, or both) and 
IL helping to establish new strategies for future selection (Rich and Shapiro, 2009). 
DMS is necessary for the acquisition of spatial learning behavior and to form action-
outcome associations during instrumental learning (Moussa et al., 2011; Ragozzino et 
al., 2002), furthermore, excitotoxic lesion of the DMS in rats impairs attentional set 
formation (Lindgren et al., 2013). Both parts of nucleus accumbens are involved in set-
shifting: the core by promoting rewarded responses while the shell being required to 
ignore irrelevant stimuli (Dalton et al., 2014). Projections from the PFC to the NAcC 
could have a role in maintaining a new strategy. The mediodorsal nuclei (MD) of the 
thalamus send projections to both the PFC and NAcC, contributing respectively to 
disengage from previous strategy and eliminate inappropriate strategies. Finally, 
ventral subiculum also appears to be important for disengage established responses 
(Marquis et al., 2008).  
Furthermore, the cortex and the basal ganglia exhibit a wide range of interactions 
through the cortico-striatal system, multiple parallel loops associated with different 
functions (Alexander et al., 1986). There have been described three functional circuits, 
motor, associative and limbic, in primates and rats (Joel and Weiner, 1994). Given the 
anatomical connections between these regions, it is plausible that there exists a neural 
network underlying behavioral flexibility. Cg1 region could also be part of this network, 
  
indeed it presents reciprocal connections with PL and IL (Sesack et al., 1989) and 
motor/sensorimotor cortices (Conde et al., 1995) and projects to visual areas and 
caudal areas within the cingulated cortex. Importantly, its projections arrives also to 
basal and lateral areas of the amygdala and medial areas of dorsal striatum (Ding et al., 
2001). 
There are studies demonstrating a dissociable role for the basolateral (BLA) and central 
(CN) nuclei of amygdala in different types of cognitive functions (Corbit and Balleine, 
2003). Although this, the specific roles of each region in behavioral flexibility need yet 
to be clarified. However, anatomical connections between amygdala and several brain 
regions relevant in behavior flexibility have been delineated. BLA receives projections 
from the sensorial thalamus and hippocampus and has reciprocal connections with 
sensorial neocortex. Furthermore, through  the CN, the BLA sends its projections to 
brain stem structures, ventral striatum and the MD nuclei of thalamus. A prevailing 
view is that the BLA control the activity of the CN. On the other hand, CN receives 
direct sensory inputs and thus mediate behavioral expression, independently of BLA 
(Cardinal et al., 2002). It has been proposed that the CN could be a critical component 
of a neural system giving information about learned responses previously relevant 
which in turn influence sensory processing of conditioned stimuli (Holland and Chik, 
2001). 
The noradrenergic (NA) system has been implied in attentional set-shifting (Devauges 
and Sara, 1990), and elevated NA neurotransmission in mPFC has been shown to 
enhance performance on attentional set-shifting task (Lapiz and Morilak, 2006). 
Dopaminergic mesocorotical and mesoaccumbens projections seems to mediate 
attentional shifting through PFC and NAc respectively (Floresco et al., 2009). Our 
results did not show any significative activation of the neuromodulatory nuclei. A 
possibility is that the phasic activation of those nuclei are not consistent or prolonged 
enough to allow a detection through c-fos expression.  
Finally, any differences were found between rats from the control group and the VC 
group. To explain this discrepancy, we argue that the performance of the control rats 
do not reflect necessarily its learning level. We observed indeed, that behavioral 
responses could improve in a very short time-lapse, therefore the correlation between 
rat’s response behavior and its learning level is difficult to define and could reflect the 
neural state in a little accurate way. This experiment should be repeated with another 
  
type of control group, “pseudo-conditioned control rats”. These animals would receive 
the same reward than other groups but independently from visual cues and alternated 
behavior.  
This results represent an important opportunity to improve brain regions selection for 
future electrophysiological recordings. 
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